Abstract. The transient receptor potential melastatin 2 (TRPM2) channel, a Ca 2+ permeable channel activated by cAMP, is expressed on pancreatic β-cells and is responsible for the regulation of insulin secretion. It is known that glucose-stimulated insulin secretion (GSIS) can be potentiated by glucagon like peptide-1 (GLP-1), and that the changes in the extracellular glucose concentration alter the levels of intracellular adenosine ATP and cAMP. The present study hypothesized that TRPM2 mediates the modulatory effect of GLP-1 on insulin secretion. The results demonstrated that silencing of TRPM2 eliminated GLP-1-enhanced insulin secretion, indicating the involvement of TRPM2 in this process. In addition, the results of current recordings of TRPM2 and measurement of the resulting insulin secretion in β-cells in the presence of GLP-1 and various concentrations of glucose suggest that GLP-1 regulates GSIS via the TRPM2 channel. Furthermore, inhibiting the activity or expression of TRPM2 attenuated GLP-1-induced GSIS. By using specific activators or inhibitors, the present study demonstrated that the two primary downstream effectors of the GLP-1 receptor, exchange protein directly activated by cAMP and protein kinase A, differentially influence GSIS and GLP-1-potentiated GSIS. In conclusion, the present study revealed the role of TRPM2 in GLP-1-regulated insulin secretion. The results of the present study provide a novel avenue for the prevention and treatment of diabetes and its complications.
Introduction
Pancreatic β-cells secrete insulin via insulin-containing granules that translocate from the intracellular insulin reservoir to the cell surface membrane, fuse with the membrane and secrete insulin through exocytosis (1, 2) . Cytosolic Ca 2+ ions serve a role in the process of insulin secretion and can be classified into the following two types: Endogenous and exogenous Ca 2+ . Endogenous Ca 2+ is primarily derived from intracellular organelles, such as the endoplasmic reticulum (ER), which stores and releases Ca 2+ into the cytoplasm, resulting in an increased cytosolic Ca 2+ concentration. By contrast, exogenous Ca 2+ increases intracellular Ca 2+ concentration [(Ca
2+
) i ] via an influx of Ca 2+ through ion channels located on the cell surface membrane. Thus far, the Ca 2+ channels known to be on the cell surface membranes of β-cells include voltage-dependent Ca 2+ channels (VDCCs), including Cav1.2 and Cav1.3, the Ca 2+ release-activated channel (CRAC) and transient receptor potential (TRP) family channels. A previous study revealed that Cav1.3 is associated with the regulation of insulin secretion in β-cells (3) . The CRAC channel on the cell surface membrane of β-cells is activated by the release of Ca 2+ from the ER; this channel replenishes the ER with Ca 2+ , and mediates ER-regulated membrane potential and insulin secretion (4) . TRP family channels are non-selective cation channels in general, however some members are selective with with differential permeability to Ca 2+ (5) . There are ~30 types of TRP channels that have been reported to be expressed on β-cells, including TRP vanilloid, TRP ankyrin, TRP canonical and TRP melastatin (TRPM) (6) . Among these channels, TRPM2, a Ca 2+ -permeable channel, was demonstrated to be associated with glucose metabolism and insulin secretion, yet little is known about the underlying mechanisms of these associations (7) .
In recent years, glucagon like peptide 1 (GLP-1) and its analogues, also known as incretins, have attracted much attention for their anti-diabetic properties. A previous study demonstrated that incretins are secreted following a meal and promote insulin secretion, thereby minimizing the fluctuation of postprandial blood glucose concentrations (8 (12) . By contrast, when the glucose concentration is high, the ATP/ADP ratio is increased, thus ATP-dependent K + (K ATP ) channels close and the opening of voltage-gated Ca 2+ channels is prolonged (13) . Therefore, GLP-1 causes extensive Ca 2+ influx and insulin secretion in the presence of a high concentration of glucose.
Upon the binding of GLP-1 with GLP-1R on the cell surface membrane, adenylyl cyclase activates and generates cAMP. Subsequently, cAMP activates protein kinase A (PKA), which in turn activates cAMP-response element binding protein (CREB). CREB binds to the cAMP response element on the insulin gene promoter. This signaling pathway results in the transcriptional activation of the insulin gene and promotes insulin biosynthesis (14, 15 (16) . Evidence suggests that the activation of TRPM2 in β-cells also depends upon ATP (17) . Providing that GLP-1 prolongs the opening of Ca 2+ channels in an ATP-dependent manner and that the opening of TRPM2 is also ATP-dependent (12) , the present study hypothesized that GLP-1 stimulates insulin secretion through activating TRPM2.
Although little is known about TRPM2, it has been hypothesized that TRPM2 is a type of non-selective cation channel that is permeable to Ca 2+ (18) (19) (20) . Multiple molecules can activate TRPM2, including ADP-ribose and hydrogen peroxide. In addition, the activity of TRPM2 is associated with a number of factors, including [Ca 2+ ] i , pH, temperature and intracellular Cl -concentration (18, (21) (22) (23) (24) (25) (26) . A previous study by our group demonstrated that TRPM2 is sensitive to temperature and exhibits Ca 2+ permeability (27) . Another previous study reported that TRPM2-knockout mice exhibited impaired insulin secretion and suffered from hyperglycemia (28) . Additionally, TRPM2-deficient β-cells have been identified to exhibit suppressed intracellular Ca 2+ signaling, in addition to a reduction in insulin secretion in response to glucose or incretins, such as GLP-1 (28) . These findings support the theory that TRPM2 serves an important role in insulin secretion in β-cells.
As the driver of growth and differentiation of pancreatic β-cells, GLP-1 can activate adenylyl cyclase and promote cAMP production (29, 30) . In β-cells, cAMP activates the classic PKA signaling pathway and the exchange protein directly activated by cAMP (Epac) signaling pathway, which triggers the downstream signaling of mitogen activated protein kinase and results in the rapid phosphorylation of extracellular signal-regulated kinase 1/2 and phosphatidylinositol 4,5-bisphosphate 3-kinase-mediated phosphorylation of protein kinase B (31) (32) (33) (34) . In addition, the PKA and Epac signaling pathways are associated with Ca 2+ -dependent insulin granule exocytosis from β-cells (35, 36) . Furthermore, by interacting with Rim2, a target of the small G-protein Rab3, Epac mediates cAMP-dependent and PKA-independent insulin exocytosis (36) (37) (38) . Therefore, the activation of PKA or Epac may cause TRPM2 activation, which modulates Ca 2+ influx and insulin secretion. The aim of the present study was to investigate the role of TRPM2 in GLP-1-stimulated insulin secretion and explore the possible underlying mechanisms.
Materials and methods
Reagents. GLP-1 was purchased from EMD Millipore (Billerica, MA, USA). ADP-ribose, 2-APB and ESI-09 were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany). H89 was purchased from Calbiochem ® (EMD Millipore). The 8-pCPT and 6-Benz cAMP were purchased from BIOLOG Life Science Institute Laboratory and Biochemivcal Sales GmbH (Bremen, Germany).
Isolation and culture of primary pancreatic islets. The present study, involving primary animal cells, was approved by the Ethics Committee of Tianjin Metabolic Diseases Hospital affiliated to Tianjin Medical University (Tianjin, China). Rat pancreatic islets were isolated from healthy Sprague Dawley rats. A total of 80 6-8 week old SD rats, weighing 180-220 g, were purchased from Huafukang Bioscience Co., Inc. (Beijing, China). The animals were adaptively housed for one week in the Aminal Center of Tianjin Medical University under standard conditions (23±2˚C; 65±5% humidity; 12 h light/dark cycle) with access to food and water ad libitum. Approximately 10 5 pancreatic β-cells were isolated from each rat. Briefly, the rats were sacrificed and the common bile duct was ligated near the hepatic portal. Collagenase V (1 mg/ml) was injected from the common bile duct into the pancreas to digest the pancreatic tissues. When the pancreas had fully swollen, it was removed and incubated at 37˚C for 25 min. Following this, 40 ml cold Hanks' balanced salt solution was added into the common bile duct to terminate the digestion. The pancreatic tissues were dispersed by repeated pipetting, followed by filtration through a 150-µm sieve and centrifugation at 300 x g for 15 min at room temperature. The digested products were resuspended in 25% Ficoll solution and separated by Ficoll gradient centrifugation (23, 20 and 11%, from bottom to top) at 1,400 x g for 20 min at 4˚C. The pancreatic islets in the 23-20 and 10-11% layers were collected and washed twice with 40 ml Hanks' buffer. The round pancreatic islets with a regular shape were collected under a light microscope. The islets were recovered and incubated in RPMI-1640 medium (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (Hyclone; GE Healthcare Life Sciences, Logan, UT, USA), 100 U/ml penicillin and 100 µg/ml streptomycin for 3 h at 37˚C in a humidified atmosphere with 5% CO 2 . Following the isolation, insulin release experiments, electrophysiological measurements or viral infections were performed.
Silencing and overexpression of TRPM2. Adenoviruses c o n t a i n i n g g r e e n f l u o r e s c e n t p r o t e i n (G F P) a lone (pH BAd-MC M V-GF P), t he T R PM 2 gene (pHBAd-MCMV-GFP-TRPM2), the negative control gene (pHBAd-U6-GFP-scramble) or short hairpin RNA directed against TRPM2 (sense: 5'-AAT TCG GAC TAAG CTG GAG AAG TTC ATT CAA GAG ATG AAC TTC TCC AGC TTA GTC CTT TTT TG-3'; pHBAd-U6-GFP-TRPM2) were designed and prepared by Hanbio Biotechnology Co., Ltd. (Shanghai, China). The isolated β-cells were seeded in 24-well plates at a density of 30,000 cells per well. Following adhesion to the plate, the cells were infected with the viruses (50:1) and successful transduction was detected by the presence of a GFP signal under a fluoresence microscope. Silencing and overexpression of TRPM2 was also confirmed by reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and western blot analyses 24 h post-infection, and non-infected cells served as the control.
RT-qPCR. Total RNA was extracted from β-cells using a RNA extraction kit (BioTeke Corporation, Beijing, China) according to the manufacturer's protocol. The RNA was reverse transcribed to cDNA by incubating RNA samples with super M-MLV reverse transcriptase (BioTeke) and random primers at 42˚C for 50 min. The level of TRPM2 mRNA in each sample was measured by using cDNA as the template and the following primers: TRPM2 forward, 5'-AAG TAT GTC CGG GTC TCC C-3' and reverse, 5'-TAA CGG CCC AAA TGA GAA GGT CAC G-3'; β-actin forward, 5'-CTT AGT TGC GTT ACA CCC TTT CTT G-3' and reverse, 5'-CTG TCA CCT TCA CCG TTC CAG TTT-3'. β-actin served as the internal reference. qPCR was performed on an Exicycler 96 Quantitative Thermal Block (Bioneer, Daejeon, Korea) using SYBR Green Master Mix (Beijing Solarbio Science & Technology Co., Ltd., Beijing, China), and the amplification conditions were set as follows: 10 min at 95˚C; 40 cycles of 10 sec at 95˚C, 20 sec at 60˚C and 30 sec at 72˚C; and finally 5 min at 4˚C. The level of TRPM2 mRNA was normalized to the non-infected (Control) cells using the 2 -ΔΔCq method (39) .
Western blot analysis. Proteins were extracted from β-cells using a protein extraction kit (WanLeibio, Inc., Shenyang, China) according to the manufacturer's protocol. The protein concentration was determined with a BCA assay kit (WanLeibio, Inc.), and 40 µg proteins from each sample were subjected to 7% SDS-PAGE. Subsequently, the separated proteins were transferred onto a polyvinylidene difluoride membrane (EMD Millipore, Billerica, MA, USA). Following blocking with 5% skimmed milk for 1 hat room temperature, the membrane was incubated with rabbit polyclonal anti-TRPM2 antibody (1:400 dilution; cat. no. BA3459; Wuhan Boster Biological Technology, Ltd., Wuhan, China) at 4˚C overnight. Following washing with TBS-Tween-20 (0.15% v/v), the membranes were incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG antibody (1:5,000; cat. no. WLA023, WanLeibio, Inc.) for 45 min at 37˚C. Finally, the blots were developed with ECL reagent (WanLeibio, Inc.), and the signals were exposed to films. Thereafter, the membrane was stripped with stripping buffer (WanLeibio, Inc.) and re-blotted with an anti-β-actin antibody (1:1,000; cat. no. WL01845; WanLeibio, Inc.) to verify equal loading and transfer of the proteins. The films were scanned, and the relative levels of TRPM2 were calculated using Gel-Pro-Analyzer (Media Cybernetics, Inc., Rockville, MD, USA) with β-actin as the internal reference. 2) and Digidata ® 1440A (both Molecular Devices, LLC) were adopted to give stimulatory commands (voltage clamped at a holding potential of -70 mV) and record data. The flow velocity of HEPES buffer (containing 2.2 mM glucose) was 5 ml/min and the electrical resistance was ~3 MΩ. The Ca 2+ current and the changes in membrane capacitance were recorded throughout continuous depolarization.
Statistical analysis. The data are expressed as the mean ± standard deviation of repeated experiments. Comparisons of multiple groups were performed using analysis of variance followed by Tukey's test. P<0.05 was considered to indicate a statistically significant difference.
Results

TRPM2 channels are involved in GSIS.
To investigate the role of TRPM2 in insulin secretion in pancreatic β-cells, primary β-cells were infected with adenoviruses containing a TRPM2 expression construct or shTRPM2. Overexpression or silencing of TRPM2 was achieved in the transduced β-cells, and mRNA expression was significantly increased and decreased compared with the control group in the overexpression and shTRPM2 groups, respectively (Fig. 1A) . A similar trend was observed in protein expression (Fig. 1B) .
To examine whether TRPM2 is involved in GSIS in primary β-cells, whole-cell patch clamp experiments and measurements of insulin secretion were conducted. TRPM2 currents were characterized in response to 100 µM ADP-ribose, a TRPM2 agonist, challenge in the cells transduced with scramble shRNA (typical current: gradual decline to the lowest value of -60 mV around 40 sec and remained at the lowest thereafter) or shTRPM2 (eliminated current) (Fig. 2A) . During the exposure to a low (3.3 mM), normal (5.6 mM) and high (16.6 mM) concentration of glucose, the TRPM2 peak current (60 sec following ADP-ribose exposure) of the scramble shRNA-transduced cells increased significantly upon high-glucose stimulation compared with the shTRPM2-transduced cells (Fig. 2B) . To determine whether high glucose-induced activation of TRPM2 channels is associated with GSIS and whether the modulatory effect is time-dependent, insulin secretion during the first 10 min (first phase) and the following 50 min (second phase) was assessed. Insulin secretion stimulated by a high glucose concentration was significantly reduced in shTRPM2 cells compared with scramble shRNA cells in the first and second phases (Fig. 2C  and D, respectively) , suggesting that the TRPM2 channels are involved in GSIS in β-cells.
GLP-1 potentiates GSIS via TRPM2, but TRPM2 activation is independent of K + -induced membrane depolarization.
Glucose is known to close K ATP channels and induce membrane depolarization, resulting in the opening of VDCCs and subsequent Ca 2+ influx, which ultimately triggers the exocytosis of insulin-containing granules (40) (41) (42) . To investigate whether a high K + concentration influences the activation of TRPM2 during GSIS, the whole-cell TRPM2 current and second phase insulin secretion in the control and shTRPM2-transduced β-cells was examined. Exposure to 10 nM GLP-1 significantly elevated the peak current, whereas an additional 30 mM KCl did not produce a significant increase in the current compared with the cells treated with GLP-1 alone (Fig. 3A) . In addition, a high K + concentration challenge alone failed to induce a significant change in the current in the control cells (Fig. 3A) . Silencing of TRPM2, however, significantly reduced the basal and GLP-1-stimulated currents in β-cells (Fig. 3A) . These electrophysiology results suggest that GLP-1 is an agonist of TRPM2 and that the activity of the TRPM2 channel is independent of K + . In a low glucose concentration, KCl significantly enhanced insulin secretion regardless of the presence or absence of TRPM2 or GLP-1 (Fig. 3B) . In a high glucose concentration condition, GLP-1 potentiated insulin secretion significantly, while shTRPM2 attenuated GSIS and GLP-1-potentiated GSIS (Fig. 3B) . Additionally, cotreatment with GLP-1 and KCl did not significantly elevate GSIS compared with GLP-1 treatment alone (Fig. 3B ). These observations indicate that TRPM2 is required for GSIS and GLP-1-potentiated GSIS, whereas a high K + concentration stimulates insulin release under a low glucose concentration condition through another signaling pathway.
TRPM2 mediates GLP-1-potentiated GSIS.
To validate the role of TRPM2 in GLP-1-potentiated GSIS, TRPM2 was overexpressed in β-cells, followed by whole-cell patch clamp experiment and measurement of insulin secretion at 60 and 90 sec. In the presence of 100 µM ADP-ribose, TRPM2 overexpression enhanced the ADP-ribose-induced current in the cells (Fig. 4A) . Whereas 2-APB, a TRP channel inhibitor added at 60 sec, significantly inhibited the current in pHBAd-MCMV-GFP vector-transduced and TRPM2-overexpressing cells (Fig. 4B) . These patch clamp experiment results indicate that exogenous TRPM2 is functional in β-cells. Next, the effect of TRPM2 overexpression on GSIS in the presence or absence of GLP-1 stimulation was examined. At a low glucose concentration, neither GLP-1 treatment nor TRPM2 overexpression potentiated insulin secretion (Fig. 4C) . In addition, 2-APB exhibited no effect on insulin release under low glucose conditions (Fig. 4C) . At a high glucose concentration, GLP-1 significantly increased insulin release and TRPM2 overexpression significantly stimulated GLP-1-potentiated GSIS (Fig. 4D) . By contrast, 2-APB significantly eliminated GLP-1-potentiated GSIS in the control and TRPM2-overexpessing cells (Fig. 4D) . These results highlight the important role of TRPM2 in GLP-1-potentiated GSIS.
Epac serves a role in GLP-1-potentiated GSIS, but GLP-1-potentiated GSIS does not act through PKA.
To explore the underlying mechanisms of TRPM2 in GSIS, the roles of PKA and Epac in GLP-1-potentiated GSIS were examined. To achieve this a PKA activator (6-Benz cAMP), a PKA inhibitor (H89), an Epac activator (8-pCPT) and an Epac inhibitor (ESI-09) were used. A GLP-1-induced current was not inhibited by H89 in the presence of 5.6 mM glucose, and 6-Benz cAMP failed to increase the current (Fig. 5A) . These results suggest that PKA is not be involved in the activation of TRPM2. By contrast, 8-pCPT significantly increased the current compared with the control, but there was no more increase following GLP-1 stimulation (Fig. 5B) . Additionally, the GLP-1-stimulated current was significantly inhibited by ESI-09 and GLP-1 compared with treatment with GLP-1 alone (Fig. 5B) . These data suggest that Epac serves an important role in the GLP-1-induced activation of TRPM2.
In a high glucose concentration (16.6 mM) condition, 6-Benz cAMP exhibited a stronger efficacy compared with GLP-1 on potentiating insulin secretion, while H89 markedly reduced GSIS and GLP-1-potentiated GSIS (Fig. 5C ). This result indicates that GLP-1 and PKA stimulate insulin secretion via different signaling pathways. Conversely, 8-pCPT stimulation significantly increased insulin secretion compared with the control, which was not enhanced by additional GLP-1 (Fig. 5D) . Additionally, ESI-09 significantly inhibited GLP-1-induced insulin secretion compared with GLP-1-potentiated insulin secretion under high glucose conditions (Fig. 5D ). These data are consistent with current knowledge and suggest that GLP-1 potentiates GSIS via the Epac rather than PKA signaling pathway.
Discussion
The present study demonstrated that TRPM2 channel opening and K ATP channel closure promoted GSIS in pancreatic β-cells. Typically, the closure of the K ATP channels results in membrane depolarization, which initiates the activation of VDCCs. ] i is an effective stimulus for insulin secretion. Therefore, insulin release in response to a high K + concentration challenge exhibits independency from glucose metabolism. By contrast, in the presence of glucose, glucose metabolism causes an increase in the cytosolic ATP/ADP ratio, which induces the closure of K ATP channels, resulting in membrane depolarization and periodic influx of Ca 2+ . In such circumstances, high K + treatment cannot further enhance insulin secretion.
In response to an elevated ATP level upon glucose induction, adenylyl cyclase produces the second messenger cAMP, which serves a critical role in the activation of TRPM2. GLP-1R is a ligand-specific G-protein-coupled receptor. When activated by GLP-1, GLP-1R couples with a trimeric G-protein complex and facilitates the release of the activated G αs subunit from the complex, and G αs , in turn, activates membrane-bound adenylyl cyclase to produce cAMP (43) . During this process, ATP acts as the substrate for the generation of cAMP. Thus, glucose is essential for GLP-1/TRPM2-mediated insulin secretion. In addition to cAMP, glucose stimulates the generation of cADP-ribose, another second messenger important for Ca 2+ mobilization from the ER and subsequent insulin secretion from the pancreatic islets (44) . cADP-ribose activates TRPM2 and is involved in the GLP-1-mediated Ca 2+ signal for the regulation of insulin secretion (21, 45) . Therefore, cAMP and cADP-ribose may be involved in GLP-1-regulated GSIS via TRPM2.
The present study demonstrated that interfering with the expression or activity of TRPM2 influenced GLP-1-stimulated GSIS. These results provide support for the following hypothesis of the present study: That GLP-1 potentiates GSIS via the TRPM2 channel. The two primary downstream effectors of GLP-1R are PKA and Epac, and by using their agonists and antagonists the present study revealed that GLP-1R activated the TRPM2 channel via the cAMP-Epac signaling pathway rather than the PKA signaling pathway. Nonetheless, the activation of the Epac or PKA signaling pathways can result in the augmentation of GSIS, since their inhibitors were demonstrated to suppress GSIS.
Taken together, these results indicate potential mechanisms through which the Epac and PKA signaling pathways regulate GSIS. The binding of GLP-1 with GLP-1R leads to the phosphorylation of adenylyl cyclase and an elevated extracellular glucose concentration, which increases ATP as a consequence of intracellular glucose metabolism. The elevated ATP is converted to cAMP by adenylyl cyclase, and cAMP then promotes gene expression via PKA-mediated phosphorylation of CREB family activators for insulin biosynthesis. Additionally, Epac-mediated activation of the TRPM2 channel triggers Ca 2+ influx, which serves an important role in the exocytosis of insulin-containing granules (46) . In addition, the increase in [Ca 2+ ] i acts as a stimulus for CICR from the ER through ryanodine receptors (RyRs). ER-released Ca 2+ is an agonist of the inositol 1,4,5-triphosphate receptor (IP3R) and stimulates additional Ca 2+ release from IP3R-regulated Ca 2+ stores; RyR-and IP3R-mediated Ca 2+ release is facilitated by the PKA signaling pathway (3, 47) . As a result, increases in insulin biosynthesis and exocytosis cause enhanced insulin secretion, and the PKA and Epac signaling pathways serve different roles in the process of GSIS.
In conclusion, the results of the present study demonstrated that the expression level and activity of TRPM2 affects GSIS. GLP-1 was demonstrated to enhance GSIS by activating TRPM2 via the Epac signaling pathway, whereas K ATP closure-mediated activation of VDCCs facilitated insulin release in a glucose-independent manner. Thus, the present study highlights a novel area for the prevention and treatment of diabetes and its complications.
